Introduction
The technological developments of the first decade of 21 st century are slowly changing the way we live by controlling our surroundings and regulating our every day life with intelligent objects. Smart Materials and Intelligent Structures are novel disciplines which are currently rapidly growing into an interdisciplinary technology. This new technology is being incorporated in contemporary engineering and design with the aim to create the path for materials to gain "intelligent" features. Textile materials also benefit from the rapid advances in a new interdisciplinary technology. Development of textile materials with new advanced functionalities is the perfect example where these base technologies can be brought together by using the knowledge involving surface science and surface engineering at molecular and atomic level. This knowledge is being responsible for developing and creating a new generation of so-called "smart" textile materials. By redesigning textile material surface, operating at microscopic level, many new possibilities emerge for adapting the macroscopic properties of the material to the present needs of the textile industry and thus fulfil current and future end-user expectations. In this context, this book chapter will focus on an innovative strategy for functional finishing of textile materials by application of surface modifying systems (SMS) based on stimuli-responsive polymers.
Stimuli-responsive surface modifying systems for textiles
Among wide variety of materials that nowadays surround us, textile material is considered unique because we have a natural relationship with it. Textile material for clothing is an example of a material which is personal, comfortable, and used almost anywhere and anytime. Clothing is considered as an extension to our physiological characteristics and is very close to the body, so the eternally existing goal was to make clothing material that possesses the extension of qualities of human skin (protection, breathability, sensing). Therefore, gaining "smart" capability for such a material would be the best example of almost always being surrounded by the object that could sense and response to the changes in the surrounding (human and/or ambient) conditions. The main feature of "smart" textile materials is that they could adapt effectively (significantly and automatically) to their local environment by changing the properties due to defined influences (stimuli) from the immediate surrounding. The functional activity of these materials is an important aspect. Currently, the most encouraging option for producing efficient surface modifying systems comprises the use of hydrogels. This polymeric form exhibits specific volume phasetransition (swelling and shrinking) properties which can be triggered by various stimuli (temperature, pH, humidity, etc.) . By incorporation of responsive hydrogels to the surfaces (i.e. textile material), the surface energy or some other property of a material can be switched (on/off). Most often, the switching is between hydrophilic/hydrophobic ( Fig. 1) . Hydrogels responsive to temperature and pH have been the most widely studied systems since these two factors have a physiological significance. Versatile dual responsive hydrogels have been reported mainly for biomedical applications and a number of reviews
Biopolymer-based microgel as surface modifying system
The main challenge in achieving the goal of effective functional finishing of textiles with hydrogels lay in the fact that surface modifying system, after its incorporation to the textile material, must exhibit responsive properties without screening the textile's regular performance. Taking in account above consideration, it can be easily concluded that bulk (continuous; macroscopic) hydrogels are not suitable form for functional finishing of textiles, because of slow response time and adverse influence on "textile" properties (flexibility, drapeability, touch, etc.) of the material. Hence, the most modern approach for functional finishing with hydrogels is based on micro-and nano-sized hydrogels, because this polymeric form possesses increased surface area per unit mass and significantly improved response times (Pelton, 2000) . Moreover, the submicron particle size of microgels enables their incorporation to textile material surface in a very thin layer, without degrading "textile" properties of the material.
Synthesis of poly-NiPAAm/chitosan microgel (PNCS)
Microgel is a dispersion of crosslinked hydrogel particles which are swollen by a good solvent. It may also be defined as a disperse phase of discrete polymeric gel particles with sizes ranging between 1 nm and 1 μm. A number of other terms, in addition to the term "microgel", are used in the literature to describe small crosslinked particulate systems, such as "hydrogel microparticles", "hydrogel microspheres", "submicron gel beads", "microparticulate hydrogels" or "ultrafine microspheres". Microgel has similar properties to both polymers and water-swollen gels (bulk or continuous hydrogels). However, microgel consists of discrete particles whose characteristics are dependent on the method of synthesis, crosslinking density, monomer concentration, monomer composition and solvency conditions. Microgel particles are insoluble and do not form solutions like linear or branched polymers, but they may be considered to form colloidal dispersions. The preparation of microgel can be achieved by different methods such as: emulsion polymerization; anionic copolymerization; crosslinking of neighbouring polymeric chains; inverse micro-emulsion polymerization or surfactant-free dispersion polymerization (SFDP). Emulsion polymerization is a versatile technique which yields narrow particle size distributions. Conventional emulsion polymerization enables preparation of very small microgel particles (i.e. particle diameters less than 150 nm) and suffers from the difficulty of completely removing the residual surfactant used for emulsion stabilization. Surfactant-free dispersion polymerization (SFDP) yields microgel particles with diameter range between 100 and 1000 nm, and this method does not suffer from residual surfactant contamination. Some authors call this procedure "precipitation polymerization" or "surfactant-free precipitation polymerization (SFPP)". The continuous phase must have a high dielectric constant (e.g. water) and ionic initiators are employed. Generally, the polymerization is conducted at 50-60°C in order to generate free radicals by the decomposition of the initiator (e.g. ammonium persulfate -APS). Also, in case where thermoresponsive polymer chains such as poly-NiPAAm chains are present, elevated temperature is required to ensure that growing chains phase separate to form colloidal particles. The key feature of SFDP is that the particle nucleation period is very short (of the order of minutes), which ensures a narrow particle size distribution. The microgel of poly-NiPAAm and chitosan (PNCS), used in our research, was prepared by the surfactant-free dispersion copolymerization method according to the previously reported procedure (Lee et al., 2003; . Three kinds of reactions occur in the reaction system of dispersion copolymerization (Fig. 2) . The first reaction is the polymerization of NiPAAm, initiated by APS, which forms negatively charged particles (Pelton & Chibante, 1986) (Fig. 2, a-1) . The second reaction is the graft copolymerization of NiPAAm and chitosan, initiated by APS which forms poly-NiPAAm/chitosan complex particles with a negative surrounding charge (Fig. 2, a-2 ). The last reaction is the ionization of chitosan which results in positively charged chitosan molecules (Fig. 2, a-3 ). They might surround the negatively charged poly-NiPAAm or PNCS particles and behave like a surfactant to protect the polymer particles and thus avoid the coagulation (Fig. 2, b) . If chitosan molecules are not in vicinity of the particles formed, the other possibility is that the particles coagulate to form larger positively charged particles, until the chitosan molecules are close enough to act like surfactant and prevent coagulation (Fig. 2, c-d ). There are several kinds of possible interactions between chitosan and poly-NiPAAm, such as electrostatic and hydrogen interactions (between chitosan amino and poly-NiPAAm amide groups), as well as covalent bonding due to the formation of radicals. The radical degradation of chitosan is the decisive step in the mechanism of copolymerization reaction. Hsu et al. (2002) showed that the thermal decomposition of an initiator similar to APS (potassium persulfate -KPS) produced free radicals which not only initiate the polymerization, but also break the backbone of chitosan molecules. On the other hand, it has been shown (Harish Prashanth & Tharanathan, 2003) that in free radical initiated copolymerization, NH 2 groups of chitosan were involved in microradical formation, which can interact with electrophilic functional group to create covalent bonding. In addition, Liu et al. (2007) stated that in the chemical structure of the grafting copolymers poly-NiPAAm was attached to the C 6 -OH reactive group of chitosan and to amino group. In summary, the covalent bonding between chitosan and poly-NiPAAm can be created from different chitosan functional groups: the terminal carbonyl groups of its backbone, its amino groups or its C 6 -OH reactive groups. The possibility of anionic persulfate (from the initiator) immobilization inside degraded chitosan chains through electrostatic attraction has been also mentioned (Hsu et al., 2002) . Hence, chitosan plays multiple roles in the reaction system: in one way it can increase the polymerization rate by serving as a surfactant; on the other hand, the degraded chitosan chain can inhibit free radicals and slow down the polymerization.
Physicochemical properties of PNCS microgel 3.2.1 Characterization
A SEM image of dry poly-NiPAAm/chitosan microgel, deposited from a solution onto native oxide layer of a silicon wafer, is shown in Fig. 3 . The photomicrograph shows that the microgel particles have a homogeneous spherical shape and that the particle size distribution is quite narrow. The diameter in dry state is estimated at 180 nm. Since microgel particles are incorporated on textile material not in dry state but in their hydrated state, DLS measurements of diluted PNCS dispersion were performed to determine the particle size . The result was a first proof of the temperature response of the microgel, as the mean microparticle diameter below LCST (426 nm at 25°C) was 2.5 times bigger than above the LCST (166 nm at 38°C). However, the particle size in totally collapsed state was found to be smaller than the one observed in the dry state on SEM picture (Fig. 3) . This can be explained by the fact that for SEM analysis the microgel dispersion was deposited onto a native oxide layer of silicon wafer which is hydrophobic. Consequently, the microgel particles interacted strongly with the substrate and did not shrink as much during drying as after collapsing in liquid medium. This finding also shows that the micro-particulate network is not expected to be totally collapsed in dry state, which means that some water remains in the microgel internal structure after drying. The variation of the zeta-potential with the pH change of aqueous dispersion of PNCS microgel is shown in Fig. 4 . Zeta-potential measured at low pH values (pH 3) has clearly positive value. With pH increase, zeta-potential decreases and reaches negative values above pH 8. The observed behaviour can be explained through chitosan pH-responsiveness.
In acidic solutions chitosan behaves as a cationic polyelectrolyte due to protonation of the amino groups. The pKa value of chitosan is 6.3 (as already stated before), but it is known that at pH 6.9 the amino groups (-NH 2 ) are still partly (~20%) protonated (-NH 3 + ) (Muzzarelli, 1977) . Therefore, at weak alkaline values (pH 7-8) chitosan is expected to have a very low positive charge. Since chitosan is pH-responsive and the change in its positive charge is detected by zeta-potential analysis, this confirms that chitosan is adsorbed at the surface of microparticles.
Stability
The stability and physical state (hydrophilic or hydrophobic character) of PNCS microgel depends on both temperature and pH. Among all possible interactions between the particles, three of them play a decisive role in microgel stability: electrostatic interaction; van der Waals forces; and steric forces. Hence, the stability of PNCS microgel will depend on the balance of the repulsive and attractive forces that exist between particles as they approach one another. If the particles have a mutual repulsion then they will remain dispersed. However, if the particles have little or no repulsive force, then flocculation, aggregation or coalescence will eventually take place. PNCS microgel stability is controlled by the balance between van der Waals attraction force, which causes aggregation, and steric or electrostatic forces that oppose aggregation. However, below the LCST, thermoresponsive particles are swollen and thus consist mainly of water. Under these conditions, the van der Waals attractive forces are relatively weak. Moreover, polymer tails extend from the gel structure to act as steric stabilizers, further enhancing microgel stability. Charged groups (from chitosan protonated amino groups) incorporated into the particles during polymerization, create electrostatic interactions which contribute to microgel stability. At elevated temperatures the water content of the gels is reduced giving a higher density, thereby increasing the van der Waals forces, which in turn tends to aggregate the microgel.
Stimuli-response
In order to study the stimuli responsive properties (swelling/shrinking behaviour) of PNCS, dynamic light scattering (DLS) analysis was used to study the microgel particle size at different temperatures and pH. Fig. 5a presents the hydrodynamic diameter of PNCS microgel particles at different pH values. It shows that particle size is very sensitive to pH change as a result of protonation/deprotonation of chitosan. At pH 3 the hydrodynamic diameter is noticeably smaller compared to the values obtained at other pH values, which can be explained by previously reported (Pei et al., 2004) significant pH-dependence of poly-NiPAAm LCST value (it decreases!) in strong acidic medium. Another unexpected result is that the average hydrodynamic diameter of PNCS particles is considerably higher at pH 9, even though this pH value is far above pKa of chitosan (6.3). This result may be attributed to the instrument (DLS) limitation as the consequence of the averaging of a combination of several size distributions which could exist at this particular pH value due to the aggregation of the particles. Indeed, in this case chitosan is not protonated and the particles are slightly negatively charged (Fig. 4) . Fig. 5b shows the hydrodynamic diameter of PNCS microgel particles as a function of temperature. The decrease of hydrodynamic diameter of microparticles with an increase of temperature proves their thermoresponsiveness. Polymer network of microgel shrinks gradually with an increase of temperature. Nevertheless, the change of the slope could be noticed around 33°C, which is close to the LCST of polyNiPAAm. 
Incorporation of surface modifying system to cotton
The incorporation of the surface modifying system based on poly-NiPAAM/chitosan microgel to cotton can be done from aqueous microgel dispersion by simple pad-dry or pad-dry-cure procedure, which is of special interest for the application in industrial conditions. The main challenge during incorporation procedure is to integrate the surface modifying system into textile substrate with sufficient durability while still retaining the effectiveness (responsiveness) of the microgel. Two different approaches are available to achieve this goal. One approach is based on cotton activation before the application of the surface modifying system, and both chemical ) and physical ) methods have been previously reported. Another approach, which does not include previous activation of cotton, is based on the use of the additional film-forming agent to produce three-dimensionally linked network between the microgel particles and the substrate (Kulkarni et al., 2010; Krizman Lavric et al., 2010a; 2010b) . Hence, the microgel can be bound to the surface of textile fabric directly (without the need for a separate and/or additional crosslinker) or with a crosslinking agent.
Microgel incorporation to previously activated cotton 4.1.1 Chemical cotton activation
The aim of textile material (cotton fabric) activation is to impart ionic character to cotton cellulose in order to facilitate the incorporation of micro-particulate system. Among several possibilities for producing ionic active sites on cotton surface, two methods have been chosen as most convenient : anionic cotton has been produced by reaction with monochloracetic acid (CAA) to give partially carboxymethylated cellulose (carboxymethylation) (Hashem et al., 2003; Racz et al., 1996) ; cationic cotton has been produced by dyeing with reactive dye and subsequent reductive cleavage of the dye attached (aminization) (Kim et al., 2007) . Thus, aromatic amines are formed on cotton by chemical reduction of covalently attached reactive dye molecules. The chemical modification of cotton surface has been confirmed by XPS analysis . The values for elemental composition and atomic ratio remain similar after carboxymethylation, while after aminization the O/C ratio is significantly increased by a factor 1.6. Both nitrogen and sulphur are detected at aminized cotton, which is the consequence of the presence of the reactive dye's vinyl sulphonic center and the free amino groups on the cotton surface (Fig. 6 ). 
Physical cotton activation: low-temperature plasma (LTP) treatment
The aim of cotton fabric treatment with LTP is to produce active species on the cotton fabric surface in order to facilitate the incorporation of PNCS microgel. It is well known that plasma treatment produces chemically active species such as radicals, free electrons and ions, which generate cellulosic radicals on the cotton fabric surface (Li et al., 1997) . Depending on the nature of the plasma gas used, different modification is expected. Ward et al. (1978) reported that air, nitrogen and argon as plasma gases produce cotton surface with physical and chemical characteristics that differ significantly from untreated cotton. These three most commonly used plasma gases (air, nitrogen and argon) have been used for the activation of cotton surface ). Examination of surface morphology (SEM) of plasma treated and untreated cotton reveals that the untreated cotton fibres have a smoother surface than plasma treated fibres ). Micro-cracks are visible on plasma treated cotton fibres surface no matter which gas is used. These micro-cracks and grooves on the plasma treated fibre surface can be attributed to the ablation effect caused by interaction of plasma species with the fabric surface. As a result, the specimen surface becomes rougher; ablation increases fabric surface roughness, producing clearly visible voids and spaces. However, no significant differences are visible by SEM between the three different plasma gases, which means that there is not a big difference in the physical modification of cotton fibres surface. Anyhow, the nature of the plasma gas can lead to different chemical surface modifications, which cannot be analysed by the SEM technique, but with XPS analysis. It has been shown by XPS analysis that the O/C atomic ratio obtained for all plasma treated samples is significantly higher than the value obtained for the untreated cotton, confirming that some oxidation of the cotton surface occurred after all plasma treatments. The oxidation processes of nitrogen and argon plasma treated cotton fabric can be related to plasmacreated free radicals, which initiate oxidation reactions either during plasma treatment (due to: (1) the nature of the gas used (oxygen contained in air); (2) the presence of small amount of oxygen in the inter-electrode of the instrument or due to the vapour desorption from the cotton sample (Osenberg et al., 1999) ; or (3) after plasma treatment (as the consequence of the exposure of plasma treated fabric to air after treatment). The influence of the nature of the gas used for the treatment has also been shown with: (1) the value of O/C atomic ratio of air plasma treated cotton which was higher compared to cotton treated with other plasma gases; (2) the elemental composition, where nitrogen plasma treated cotton was the only sample that contained nitrogen at the surface (0.9 at.%).
Microgel incorporation method and surface characterization
PNCS microgel was incorporated by a batch method onto untreated and previously activated cotton fabrics. On untreated and chemically activated (carboxymethylated or aminized) cotton, this process is based on adsorption (van der Waals interaction, acid-base interaction, electrostatic interaction and hydrogen bonding) of the microgel particles onto cotton fibre surface without covalent bonding. However, as the consequence of the presence of radicals at the substrate surface, covalent bonding can be additionally expected between the plasma treated substrate and the microgel particles. Surface features of untreated and both chemically and physically activated cotton samples with subsequently incorporated PNCS microgel were studied by SEM (Fig. 7) . The incorporation of PNCS microgel significantly changed the visual aspect of the fibre surface. This was clearly exhibited in case of previously activated fabrics (chemically or physically) where it was easy to locate surface deposition of PNCS microparticles and to distinguish their form, size and amount present at the fibre surface. It is obvious that hydrated microgel particles collapsed after incorporation onto the cotton fibre and deformed their shape to "pancake" structure. This is the consequence of volume shrinking because of water evaporation during drying and, possibly, water absorption from micro-particulate hydrogel into the cotton fibre. Previously untreated cotton (Fig. 7a) does not show clear evidence of microgel particle surface deposition, i.e. there is no significant visual change in comparison with the control sample. XPS analysis was used to determine the surface chemical composition changes of cotton after microgel incorporation Tourrette et al., 2009) . After incorporation of PNCS microgel, all samples show the presence of nitrogen in significantly higher amount than in nitrogen plasma treated cotton. This is the consequence of the fact that both polyNiPAAm and chitosan contain enough nitrogen which can be detected by XPS analysis, thus confirming the incorporation of PNCS microgel to the fibre surface. Therefore, the amount of nitrogen detected can be used as a tool for the estimation of PNCS microgel contents on the fibre surface. However, since previously untreated cotton sample with incorporated microgel shows significant nitrogen content (4.6 at.%), this implies that even without cotton activation some kind of poly-NiPAAm and/or chitosan adsorption occurs. Nevertheless, since SEM analysis did not visually confirm the presence of microgel particles at this sample (Fig. 7a) , it can be speculated that a kind of precipitation occurred and polymer(s) have been adsorbed to the nonactivated cotton fibre surface in a thin layer, not in a micro-particulate form. The measured amount of nitrogen is bigger with carboxymethylated sample (5.2 at.%) compared to aminized sample (3.9 at.%), a result which confirms better adsorption of positively charged microparticles (see Fig. 4 ) on anionic cotton. For plasma treated cotton samples, the highest amount of nitrogen is measured for nitrogen and argon activated samples (6.0 and 6.1 at.%, respectively). Air plasma treated cotton showed nitrogen content similar to previously untreated and chemically activated samples (5.2 at.%). This result implies better microgel incorporation after nitrogen and argon plasma treatment. However, it is difficult to assess at this stage the level of enhancement after nitrogen plasma treatment, concerning the fact that nitrogen plasma treated cotton surface already contains 0.9 at.% of nitrogen as the consequence of the activation step. These results lead to the conclusion that plasma treatments lead to better incorporation efficiency of PNCS microgel. The enhancement of the adhesion between hydrogel microparticles and plasma treated fibres can be attributed both to physical and chemical modification. The physical modification is the surface roughening of the fibre by the sputtering effect, producing an enlargement of contact area that increases the friction between the fibre and the microgel. The chemical modification increases the functional groups presence at the fibre surface, hence enabling a number of chemical bonds to be formed between the fibre and the microgel. After plasma treatments, there are still a lot of free radicals that remain on the treated fibre surface which can play a role in forming new functional groups and bonds between the fibre and the microgel. In addition, compared to chemical methods, plasma treatment is considered an environmentally friendly process which guarantees the high quality of the material with minimum costs and technological waste (Careiro et al., 2001 ).
Microgel incorporation to previously non-activated cotton
In order to obtain satisfying durability of the surface modifying system without previous cotton activation, microgel particles can be covalently bonded to cotton using appropriate crosslinking agent. In textile industry, polycarboxylic acids are well-known crosslinking agents that can serve as formaldehyde-free durable press finishing agents (Welch, 1992; Welch & Andrews, 1990) . Among various available polycarboxylic acids, the most effective crosslinking agent for cotton was found to be 1,2,3,4-butanetetracarboxylic acid (BTCA), when combined with catalysts that are inorganic salts of phosphorus-containing acids (Hebeish et al., 2006) , among which sodium hypophosphite (SHP) is being the most effective (Gu & Yang, 2000) . Polycarboxylic acids have been also used for crosslinking chitosan to cotton, thus adding antimicrobial properties to a durable press finish. It has been reported (El-tahlawy et al., 2005) that under the action of heat during the curing step, part of BTCA can be consumed for linking chitosan to the cellulosic substrate through esterification. A formation of a covalent bond between the crosslinking agent, chitosan, and cellulosic chains was confirmed (Hsieh et al., 2006; Shin & Ueda, 1999) . Several studies have shown that cellulosic esterification by polycarboxylic acids takes place in two phases. According to Yang & Xu (1998) , in the first phase a cyclic anhydride is formed, which forms an ester with the hydroxyl group (-OH) in the cellulose macromolecule (Orhan et al., 2009; Sauperl & Stana-Kleinschek, 2010) . This is followed by formation of a second anhydride that subsequently reacts with another cellulose hydroxyl. However, in the presence of SHP, a second mechanism can occur, resulting in formation of a mixed linear anhydride (Gillingham et al., 1999) . The number of covalent bonds or linkages which can be formed with cellulose is limited to one less than the number of carboxyl groups in the polycarboxylic acid (Bishof Vukusic & Katovic, 2000) . Since BTCA can form at least two ester bonds, two macromolecules can be crosslinked effectively (Xu & Shyr, 2000) . Moreover, esterification or amidation with -OH or -NH 2 groups of chitosan can occur, if two -COOH groups remain available (El-tahlawy et al., 2005; Hsieh et al., 2006) .
Microgel incorporation method
In practice, the incorporation of PNCS microgel onto the cotton surface is possible by a pad (100% WPU) -dry (70°C, 1h) -cure (160°C, 3 min) process. The reaction mixture is prepared by adding BTCA (crosslinker) and SHP (catalyst) into PNCS dispersion. Ratios used are optimised to the following: PNCS:BTCA = 3.75:1 and BTCA:SHP = 2:1. The effectiveness of the crosslinking procedure of cellulose fibre hydroxyl groups with BTCA and/or chitosan, depends on the amount of crosslinking agent and catalyst, temperature, crosslinking reaction time and pH of the finishing bath (Sauperl & Stana-Kleinschek, 2010) . The simplest and quickest way to evaluate the crosslinking efficiency is by using a gravimetric method to determine the add-on finish. A sample's weight is taken before and after the treatment and the percentage of add-on is calculated. However, when the mechanism of crosslinking is taken into consideration, then the quantity of accessible BTCA carboxylic groups indicates the efficiency of the cotton cellulose crosslinking (Sauperl et al., 2009; Sauperl & StanaKleinschek, 2010) . To determine the content of acid carboxylic groups, a staining test with Methylene Blue (MB) dye can be used. Since each molecule of MB is thought to form a single electrostatic bond with each unit of carboxylic acid on the fabric or, in our case, with BTCA, it is possible to calculate the concentration of carboxylic acid groups present on the fabric after being treated either with BTCA and PNCS microgel (Co-PNCS/BTCA) or with BTCA only (Co-BTCA). The degree of crosslinking was studied by increasing the amount of BTCA from 0 to 3% owf. Fig. 8 shows that the content of carboxyl groups increases with increased percentage of BTCA. Up to 1% a slight increase in carboxyl content is noticed, while the biggest increase is noticed from 1 to 3%. The same tendency could be noticed in the case of Co-PNCS/BTCA, the only difference being that less amount of carboxyl groups has been measured, since part of BTCA is consumed in linking chitosan to cellulose substrate. The degree of crosslinking cotton cellulose to BTCA and PNCS microgel particles increased proportionally to the increase in percentage of BTCA applied. By knowing the number of carboxylic groups available, it is possible to determine the proper concentration of BTCA for efficient crosslinking of PNCS to cotton surface. The methylene blue method proved to be suitable for a quick, simple and accurate determination of the degree of crosslinking of cellulose hydroxyl groups with BTCA and/or chitosan. 
Surface characterization
The surface morphology of cotton treated with BTCA only (Co-BTCA) and of cotton with 3% owf of incorporated PNCS microgel (Co-PNCS/BTCA) was assessed by scanning electron microscopy ( Fig. 9 ). Cotton treated with BTCA only (Fig. 9a) shows the presence of continuous film at the fibre surface, without significant visual difference to the well-known surface morphology of untreated cotton. The incorporation of PNCS microgel particles to cotton (Fig. 9b) significantly changes the visual aspect of the fibre surface. The form, size and amount of microgel particles present are clearly noticeable and they seem to be embedded in the crosslinker film. The surface chemical composition, determined by XPS analysis, confirms that PNCS microgel was successfully incorporated to cotton (Krizman Lavric et al., 2010a) . It can be shown that treatment with BTCA only significantly decreases carbon content (from 66.8 at.% to 59.6 at.%) as the consequence of a BTCA film forming at the fibre surface. After PNCS incorporation, even though a BTCA film was formed at the fibre surface, carbon content again reaches the level of untreated cotton (66.1 at.% vs. 66.8 at.%). This was due to the presence of carbon-rich poly-NiPAAm. Nevertheless, with PNCS incorporation, oxygen content decreased to a level that was below even the initial one (29.7 at.% vs. 33.2 at.%). This was again mainly due to the presence of poly-NiPAAm, as well as on behalf of the newly introduced nitrogen, originating from both poly-NiPAAm and chitosan. As expected, nitrogen was present only at PNCS treated cotton which could be considered as the indicator of successful microgel incorporation. However, relatively low observed nitrogen content (4.3 at.%) (compared to theoretical values for chitosan and poly-NiPAAm) could be explained by specific discrete arrangement of microgel particles at the fibre surface which is estimated to be covered not more than 50% by microgel. The SEM analysis gave visual confirmation for this assumption. 
The assessment of pH-, temperature-and humidity-responsiveness of functionalized cotton

Appropriate methods
Even though many test methods are available to characterize fabric functionality, only a few are in use for assessing the responsiveness of new advanced textile materials which are based on pH and temperature responsive polymers. Recently published book chapter (Hu & Babu, 2008) gives an overview of intelligent textile testing with emphasis on shape memory fabrics and phase change materials. The capability of functionalized material to respond to different stimuli (pH, temperature, humidity) is often studied through swelling/shrinking or hydration/dehydration kinetics and equilibrium using a gravimetric method. The most common gravimetric method used for assessing the responsiveness of thermo-and pHresponsive hydrogels, or materials derived thereof, is the determination of water uptake.
Interactions between water and textiles affect the comfort of apparel directly, therefore measurements of the amount of water absorbed by fabrics such as moisture regain, moisture sorption isotherms, water retention and absorptive capacities are needed (Zeronian, 1984) .
Moisture regain can be used as a measure of the hydrophilicity of fibres, which in turn affects their comfort properties. Moisture sorption isotherm gives us basic information on the relation between moisture and fibre. Water retention values (WRV) give an estimate of the swelling capacity of fibres, as determined by the amount of water retained (imbibed water) by water-swollen samples after centrifugation. Data obtained on water retention can be used not only to indicate differences between untreated and treated samples in different environmental conditions in terms of water retention, but also for the degree of crosslinking in cellulosic fibres (Zeronian, 1984) . In addition to a good moisture absorption performance, the capacity to discharge the absorbed water during drying is important as well, especially in the case of sportswear (Männer et al., 2004) . Drying capability is evaluated by the drying rate of the fabric, the drying time being a function of how much water a fabric absorbs, and depends mainly on the thickness of the fabric (Fangueiro et al., 2010; Li, 2001) . A review of standard test methods for moisture in lint cotton, with emphasis on oven-dry techniques, was given by Montalvo & Von Holven (2008) , including a list of moisture related terminology, procedural examples and moisture related formulae. All methods that have been mentioned above can be applied for intelligent textile testing.
Liquid management properties
Water vapour transport properties of textiles fabrics are of considerable importance in determining thermal comfort properties of clothing systems. Textile fabrics with a higher WVT permeability allow the human body to provide cooling due to evaporation of sweat. If the resistance to water vapour diffusion is high, the moisture movement is impeded and discomfort sensation of dampness and clamminess may arise (Keighley, 1985; Huang & Qian, 2007) . The main mechanisms of water vapour transport through textile layers are (Indushekar et al., 2005; Das et al., 2007) : diffusion of water vapour through the air spaces between the fibres; absorption, transmission and desorption of water vapour by the fibres; adsorption and migration of water vapour along the fibre surface (wicking); and transmission of water vapour by forced convection. The transport through hygroscopic porous materials is complex, due to the tendency of fibres to take up water vapour and experience swelling that can close off the pores in the fabric. This affects the ability of the fabric layer in passing heat and water vapour, as fibre swelling reduces free air volume within the fabric, affecting both the convective and diffusive transport of energy and mass. The size of pores in the fabric is far more important to moisture transfer than the hydrophilicity of the fabric (Gibson & Charmchi, 1997) . Cotton functionalized with the temperature responsive hydrogel which shows specific volume phase-transition (swelling and shrinking), represents a system that is able to control the evaporative rate at which a material can transport moisture vapour. There are several standard test methods available for measuring the water vapour permeability of fabrics, which can also be applied to microgel functionalized materials (Indushekar et al., 2005; Das et al., 2007; Huang & Qian, 2008; McCullough et al., 2003; Ding, 2008) . Even though a number of methods are available for the determination of WVT rate of textile materials, the "pot" test method is still widely used. It involves a lot of work in respect to weighing and timing, but it is recognized as a reliable method. The methods which have been used in our experiments are thoroughly explained in Krizman Lavric et al. (2010a; 2010b) . The moisture content of the modified fabrics was measured thermo-gravimetrically, using a moisture analyzer. During the drying process the instrument continually measures the weight of the sample and displays the reduction in moisture. The final moisture content (MC) is expressed in percentage (mass of the material after drying under specified conditions vs. mass of the material before drying). Water vapour permeability was measured according to the standard UNI 4818-26. Weight of the pots was recorded before introducing them into the climatic chamber and after 24 h. The difference in weight gives the quantity of water that was transmitted through the fabric as vapour. The water vapour transmission (WVT) rate is expressed in grams per square meter in 24 h. Water uptake was measured gravimetrically by soaking the samples either in acidic (pH 3), neutral (pH 6.5) or alkaline (pH 10) solutions at temperature bellow (25°C) and above (40°C) LCST of poly-NiPAAm until the swelling equilibrium was attained. The weight of the wet sample was determined after removing the surface water by blotting with filter paper. Water uptake (WU) is expressed in percentage (mass of the material after taking up water vs. mass of dry material). It has been previously published that the liquid management properties of microgel functionalized textile depend on the temperature and humidity Krizman Lavric et al., 2010a) . Because of its poly-NiPAAm core, each microgel particle acts as a temperature sensor and actuator. Therefore, at temperatures bellow LCST, it is in a swollen state, while above LCST it shrinks, resulting in an increase or decrease of total moisture content of modified cotton, respectively. It is however generally known that ambient moisture concentration is the driving force for moisture absorption, with moisture regain increasing when relative humidity increases (Warner, 1995) . The results obtained on the influence of temperature and ambient humidity on moisture content (MC) and water vapour transport rate (WVT) of untreated cotton (Co-UT) and cotton with incorporated microgel (Co-PNCS/BTCA) are presented in Fig. 10 . The humidity values were chosen as low (50% R.H.) and high (80% R.H.), and temperature was chosen to be below (25°C) and above (40°C) 32°C (LCST of poly-NiPAAm). The results show that, when exposed to changes in ambient humidity and temperature, cotton material with incorporated PNCS microgel responds by changes in moisture uptake. The moisture content results (Fig. 10a) generally follow the known fact that the MC of the material decreases with temperature increase or ambient humidity decrease, which can be observed with both untreated and modified material. However, since the water presence is the driving force for the temperature responsiveness of microgels, different behaviour can be observed at low and high R.H. At low R.H. (50%), since there is not enough ambient humidity available, the microgel particles are in a "dry" state and the modified cotton does not show a macroscopically observable temperature response. In fact, it follows the same behaviour as untreated material. However, at high R.H. (80%), when enough humidity is available, there are noticeable differences in the modified cotton behaviour in response to temperature change. Even though the differences are rather small, they clearly imply the responsive property of Co-PNCS/BTCA. At 25°C, where microgel particles are hydrophilic, the moisture content is increased for modified cotton. It is actually the same trend as at low R.H., just with a bigger magnitude of change. At 40°C the microgel particles become hydrophobic, so the moisture content of Co-PNCS/BTCA is consequently significantly decreased (when compared to Co-UT). Therefore, it can be concluded that the responsiveness of the material is more, if not exclusively, pronounced in wet environment. A similar discussion could be applied to water vapour transport (WVT) rate results (Fig.  10b) . At low humidity (50% R.H.) the temperature responsiveness could not be observed. A drop of WVT values is noticed in the Co-PNCS/BTCA sample as a consequence of the microgels presence. It is expected that the microgel at the fibre surface could block water vapour transport through the material, due to increased roughness. At high humidity (80% R.H.) the responsiveness is clearly evident. At low temperature (25°C), microgel particles swell significantly enough to hinder water vapour passage through the fabric. However, at 40°C (above LCST), hydrophobic microgel particles obstruct moisture absorption (Fig. 10a) , which enhances the water vapour transport through the material (Krizman Lavric et al., 2010a) . As it was expected, the combined effects of temperature and relative humidity had the biggest impact on water vapour permeability, while relative humidity showed the most significant influence on moisture content (Krizman Lavric et al., 2010b) . Water uptake (WU) results confirm increased water uptake capacity at low pH values at room temperature (Fig. 11a) , which is the consequence of chitosan pH-responsiveness. A decreased water uptake capacity was noticed at higher temperature (Fig. 11b) , due to the influence of poly-NiPAAm, which adds a hydrophobic character to the hydrogel. 
Expected comfort enhancement
Good thermal sensation and comfort are basic demands for the production of performance apparel. Both are closely linked to fibre hygroscopicity, surface energy of fibres (hydrophilic or hydrophobic), and fabric structure and moisture management abilities, such as wicking, wetting and water vapour transport (Zhou et al., 2007) . To satisfy the aforementioned demands, clothing materials require a high moisture retention capacity and a high moisture transportation propensity (Li, 2001; Okubayashi et al., 2005) . The comfort perception of the wearer depends on the ability of clothing systems to evaporate the accumulated moisture from the skin to the environment. An important mechanism which the body uses to regulate its temperature is by perspiration, its level depending on the level of activity. Since moisture can derive either from sweat or from the environment (e.g. rain, humidity, etc.) it can have an impact on the comfort perception of both cold and hot conditions. During sweating the vapour is transmitted through the micro-porous structure of functional fabric to the outer layer where it evaporates, which makes the wearer feel dry and comfortable (Männer et al., 2004; Li, 2001; Okubayashi et al., 2005) .
(a) (b) Fig. 11 . Water uptake of Co-UT and Co-PNCS/BTCA at 25°C (a) and at 40°C (b).
In our study comfort does not refer to the psychological comfort but to the physiological comfort such as the moisture vapour transport rate. By exposure of the stimuli-responsive microgel to external stimuli (temperature, pH and humidity), it shows swelling/shrinking or hydration/dehydration properties by causing changes in water vapour transmission rate of modified textile material. As the body temperature exceeds the transition temperature (LCST) of the surface modifying system, PNCS microgel particles collapse enabling the transfer of moisture (water vapour) through the material into the environment. In contrast, when the ambient temperature decreases bellow the body temperature, the microgel tends to swell, preventing perspiration and thereby helping in maintaining the thermal balance of the body. Thus, the controlled expansion or contraction of the surface incorporated microgel particles leads to adjusting the liquid management of textile material and enhances comfort consequently.
Conclusions
An encouraging option to meet the goal of achieving "smart" liquid management properties of textiles is the functional finishing by application of microgel based on stimuli-responsive polymers. This surface modifying system shows specific volume phase-transition (swelling and shrinking) which can be triggered by various stimuli (temperature, pH, humidity etc.). The following aspects are reported: the synthesis and characterization of a microgel using the temperature responsive polymer (poly-NiPAAm) and pH-responsive biopolymer (chitosan); the methods for incorporating microgel to cotton, both previously activated and non-activated (with crosslinker); the assessment of pH-, temperature-and humidityresponsiveness of new advanced textile material. The results presented could serve as a proof of the concept and provide a guideline for application of microgel as a surface modifying system in general, with the aim to upgrade the regular textile material quality by providing highly attractive feature of stimuli-responsiveness.
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